Aims: Despite more than a century of research, spinal paralysis remains untreatable via biological means. A new understanding of spinal cord physiology and the introduction of membrane fusogens have provided new hope that a biological cure may soon become available. However, proof is needed from adequately powered animal studies.
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However, none of these technologies can currently restore full, behaviorally effective sensori-motor function. The need for a biological cure remains imperative.
A host of experimental therapies has been deployed over the years, but none has made it to the clinic, including stem cells. 1, 2 The rationale for almost all attempts at reversing spinal injury has been to counteract the detrimental effects of mechanical disruption, along with cysts and scars, by either allaying local inhibition or fostering regrowth of long axons in the damaged white matter.
All these studies led to no clinically available treatment. However, a few surgical groups removed the injured segment in paraplegics and filled the gap with collagen or peripheral nerve bridges: Partial motor recovery was seen >1 year later (up to 4). 6, 7 This suggests that, if a method should be found whereby the fresh stumps of a cord submitted to cordectomy could be made to communicate electrophysiologically (ie, spinal cord fusion), a cure for SCI would result.
In fact, the vertebral column can be surgically shortened (by corporectomy or multiple diskectomies), and the two freshly severed cord stumps approximated.
Special substances, classified as membrane fusogens (eg, polyethylene glycol, PEG), can acutely restore the integrity of sharply severed nerve fibers or seal the membrane of damaged neurons, curtailing cell death, including in the spinal cord (reviewed in 8-9). To be maximally effective, this effect requires topical application, as recently evinced in proof-of-concept rodent case series and a canine case report, in which the cervical and dorsal cords were sharply transected and treated with PEG: Motor function recovered within weeks. [8] [9] [10] Per se, parenteral administration of PEG has not proven particularly effective at reversing experimental contusive SCI, although in those studies, PEG was administered within 24 hours of SCI. 11, 12 IV PEG would be useless in the chronic setting.
In order for this procedure to gain acceptance, large animal experiments are necessary. Here, we aim at providing for the first time robust evidence in an adequate number of rats that PEG can restore motor function after complete thoracic spinal cord transections and immediate treatment. While transections (eg, stab wounds) are very rare in man, the importance of this study lies in confirming the feasibility of a cordectomy-reapposition SCI cure as outlined above:
Only in this scenario, immediate topical application of PEG can be exploited. 
| MATERIAL AND METHODS
| Surgery
The rats were anesthetized using sodium pentobarbital (90 mg/kg, ip); rats then were in a prone position. An evoked potentials apparatus was set up. The skin and muscles overlying the spinal column were then incised and a laminectomy performed at T10 with standard neurosurgical instrumentation. Under microscope magnification, the dura mater was opened; the spinal cord was gently lifted using a Kirchner wire molded into a hook and fully transected with a sapphire blade (Shanghai Jingming Fine Technology Co., Shanghai, PRC). Before transection, we applied cooled saline (4°C) plus epinephrine to induce vasoconstriction and reduce bleeding. No gap resulted, but in a few cases, the two stumps had to be realigned manually. Meticulous attention was given to avoid any contusive injury to the cord, especially considering the reduced vascular supply to the dorsal cord as compared to the cervical part that might have interfered with the fusogen.
Immediately thereafter, animals were randomized to receive either saline (0.5 mL) or PEG-600 (0.5 mL) applied via a syringe at the point of transection. Standard closure by layer followed. An IV solution containing antibiotics was administered for three consecutive days.
Meticulous daily postoperative care for spinally injured animals was provided.
| Assessment
This included measures of behavioral, electrophysiological, and neuroimaging recovery.
| Behavioral evaluation
Open-field locomotion, coordination, trunk position, and stability were evaluated by two trained blinded examiners for at least 5 minutes each time and scored using the 0-21 Basso-Beattie-Bresnahan (BBB) rating scale. Scoring sessions occurred at 1, 3, 5, 7, 9, 15, 21, and 28 days postinjury. Statistical significance was calculated with paired Student's t test (two-tailed).
| Neurophysiological evaluation
Somatosensory-evoked potentials (SSEP) were recorded (ADInstruments, Bellavista, Australia) and analyzed with LabChart software (ADInstruments, Bellavista, Australia). Acquisition sessions occurred pre-, intra-, and postoperatively. Postoperative recording occurred under sedation also (pentobarbital sodium 90 mg/kg). The stimulating electrode was placed on the right sciatic nerve, while the recording electrode was positioned overlying the sensory cortex.
| Imaging evaluation
Under anesthesia, all rats were submitted to magnetic resonance imaging (MRI) and diffusion tensor imaging (DTI) using a 3.0 T MRI system (Achieva 3, Philips, the Netherlands) in the prone position.
Sagittal T2-weighted Fast Spin-Echo (TR=1700 ms; TE=100 ms; slice thickness=3 mm; slice gap=0.1; NSA=4) and axial single-shot Echo-Planar DTI (TR=6100 ms; TE=93 ms; voxel size=2 mm×2 mm; slice thickness=2 mm; slice gap=0; NSA=2; diffusion direction number=15) sequences were acquired 2 and 4 weeks postoperatively in all animals. DTI original images were processed to produce color DTI maps.
| RESULTS
All animals survived for 1 month postoperatively, except one control. Urinary infections were observed in several animals, but hydration was enough to control them. PEG-treated animals regained independent ambulation, with two basically normal (cBBB scores: 20 and 19). SSEPs showed recovery, partial or near total, in all PEG-treated animals with almost normal waves vs none in the control group at 15 days ( Figure 2 ). DTI showed tissue continuity in PEG-treated animals as opposed to controls ( Figure 3) , with significant differences in datametrics (FA) between controls and PEG-treated rats (Table 1) . On qualitative visual inspection (see discussion), the extent of regrowth correlated with behavioral recovery, with near-normal rats with a more normal fiber pattern vs no or little change in controls.
| DISCUSSION
In this study, we thus confirmed that a severed thoracic spinal cord can be "refused" with behavioral recovery. Previous experiments in mice 13 along with the current ones define a timeline of recovery between mice and rats: 1 week vs 2 weeks.
The key to spinal cord fusion is a sharp severance of the cords themselves, with its attendant minimal damage to the cord gray and 
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Actually, animal and human data prove that ca 5%-20% of these fibers are enough for motor function to unfold. 14, 15 This was recently suggested by an immunohistochemical study of PEG-treated mice submitted to 100% cervical transection. 16 In this same vein, even in multiple sclerosis, long regarded as the prototypical white matter (long axons) disease, it is the damage to the spinal gray matter (ie, to the TRPS) that accounts for most of the related motor disability-even in cases without white matter loss!. 17, 18 We believe that the behavioral recovery in these animals is in sync with the regrowth pattern of these short range fibers. 14, 15 Also, given the excellent recovery, the sprouting process in the TRPS does not appear to be haphazard.
On the other hand, direct fusion of white matter fibers is clearly possible. As shown by near-normal conduction on SSEPs, PEG is able to quickly refuse several white matter fibers. While of course no oneon-one reconnection is possible, yet the signal generated supports the conclusion that sensory input reaches the cortex. While no technology 
exists to refuse the 20 million fibers that make up the cord's white matter after full severance, one can see that a certain number are fused "blindly." Dorsal columns are massive, densely packed, welldemarcated fiber bundles, making it easier for fibers to come in contact by simple apposition and PEG to have its effect. Pyramidal fibers instead are fewer and less well-demarcated, often mixing up with other tracts in the lateral and anterior quadrants. 19 Motor recovery is likely due to a gray matter-centered mechanism. Another reason to exclude that motor recovery hinges on regrowth of long fibers (as one might expect on the basis of standard thinking) is related to the rate of axonal regrowth-0.5-1 mm/die: A behavioral effect is already visible in treated animals after at 1 day, too short a time for severed pyramidal axons to supposedly regrow and reach motor cells.
The problem of misalignment does not seem to be of consequence: Dorsal column sensory fibers will not "refuse" with lateral quadrant motor fibers. Circuital readjustment in the spinal cord and within upper CNS stations appears sufficient to offset this problem. 14, 15 Human application of the presently discussed technique would benefit from a method to assess progression of spinal fusion; this would allow a direct correlation with clinical recovery. As histological assessment is obviously not feasible in human patients, we assessed the potential of diffusion tensor imaging (DTI), a novel MR imaging technique.
DTI assesses the microstructural integrity of nerve fiber tracts based on the simple principle of diffusion of water molecules and is currently the only means for noninvasive in vivo assessment of white matter fiber microstructural integrity and related changes, both obvious and subtle.
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The changes in diffusion on DTI can be assessed either qualitatively by However, by the time, the scar becomes nonpermissive, fibers will have already had time to cross the fusion interface and "bridge" the two stumps. As seen in our previous study, 18 PEG does not prevent the formation of a scar and thus does not deprive the regrowth process of the beneficial effects of the early scar.
In conclusion, we have shown that the paralysis following full severance of the dorsal spinal cord can be reversed-to a significant extent-by immediate application of a fusogen. By severing the cord without inflicting gross damage, fibers in the gray matter core can sprout rapidly before a scar forms and reconstitute the cellular "bridge" that conveys motor commands. At the same time, at least a portion of long-range fibers is refused. Our data lend support to the feasibility of a cordectomy-reapposition SCI cure. DTI can help assess anatomical restitutio ad integrum.
